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We report a theoretical investigation of self-assembled nanostructures of polymer-grafted nanoparticles in a 
block copolymer and explore underlying physical mechanisms by employing the self-consistent field method. 
By varying the particle concentration or the chain length and density of the grafted polymer, one can not only 
create various ordered morphologies (e.g., lamellar or hexagonally packed patterns) but also control the positions 
of nanoparticles either at the copolymer interfaces or in the center of one-block domains. The nanostructural 
transitions we here report are mainly attributed to the competition between entropy and enthalpy. 
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Dispersing nanoparticles in a block copolymer matrix 
has emerged as a highly promising way of designing 
and fabricating novel functional materials for a vast 
range of applications in, for instance, nanostructured 
solar cells, photonic band gap materials, highly efficient 
catalysts, and high-density magnetic storage media 
[1–5]. The mechanical, optical, and electrical properties 
of a nanocomposite rely not only on the compositions 
of its constituent phases but also on its nano- 
structures and, therefore, achieving high performance 
nanocomposites often requires precise control of  
the spatial distribution of the nanoparticles in the 
polymeric host [2, 5–10]. To prevent macrophase 
separation, particles are usually grafted by a brush of 
short polymers which are chemically identical to one 
component of the block copolymer. Recent experiments 
have suggested a facile and effective means of 
building different self-assembled nanostructures by 
introducing polymer-grafted nanoparticles in a block 
copolymer film [6]. Chiu et al. reported that in a 
poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) lamellar 
morphology, thiol-terminated PS-grafted gold 
nanoparticles are located in PS domains, while particles 
coated by a mixture of thiol-terminated PS and P2VP 
reside along the copolymer interfaces [7]. Kim et al. 
further elaborated this method to determine the areal 
density of thiol-terminated PS coated on particles 
above which the particles are located preferentially 
near the center of PS domains, and below which they 
clearly segregate to PS/P2VP interfaces [8]. In spite of 
these encouraging developments, the exact design 
and fabrication of nanostructures of block copolymer– 
particle nanocomposites with novel properties and  
enhanced performance remains a challenging issue. 
Various techniques (e.g., the strong segregation 
method [11], the Monte Carlo method [12, 13], and 
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the molecular dynamics method [14]) have been 
developed to investigate the spatial and temporal 
evolution of complex polymer systems. Among them, 
self-consistent field theory (SCFT) has proven to be a 
powerful method for studying complex morphologies 
of block copolymers and blends [15–20]. By combining 
SCFT for inhomogeneous polymers with a density 
functional theory for hard particles, the self-assembly 
of bare particles and block copolymers has been 
studied [21, 22]. A hybrid particle-field method based 
on SCFT has been developed to investigate the 
equilibrium structure and properties of mesostructured 
polymeric fluids with embedded colloids or nano- 
particles [20]. More recently, SCFT was further 
extended to examine the effect of grafted polymer 
brushes on positioning a single nanoparticle in block 
copolymers [23]. To date, nevertheless, how to disperse 
nanoparticles in a desired array in nanocomposites is 
still an unsolved issue and its solution requires a deep 
understanding of the physical mechanisms of the 
formation of various nanostructures. In this paper, 
therefore, we report a theoretical investigation of 
self-assembled nanostructures of polymer-grafted 
nanoparticles in diblock copolymers and explore the 
underlying physical mechanisms. Especially, the effect 
of grafted polymer brushes on the nanostructures has 
been quantitatively examined by a series of SCFT 
simulations. Moreover, all the interactions between 
the particles, grafted polymers and copolymer matrix 
are taken into account in this model. Our numerical 
experiments demonstrate that by varying the polymer- 
grafted particle content or the density and chain length 
of grafted polymer, one can not only create different 
morphologies in nanocomposites, but also design 
and control the spatial distribution of nanoparticles 
in order to achieve specific physical properties and  
functions of materials. 
2. Theoretical model and computational 
method 
Consider a system containing AB diblock copolymers 
and polymer-grafted nanoparticles. Each diblock chain 
consists of DN  segments, while each grafted polymer 
chain is composed of DNβ  A-type segments. All 
polymer chains are modeled as flexible Gaussian 
chains. The volume fraction of A segments per 
diblock chain is denoted as f. For simplicity, assume 
that A and B segments have the same volume −10ρ  and 
statistical length a. The volume fractions of diblock 
copolymers and polymer-grafted particles are Dϕ  and 
ϕ ϕ= −GP D1 , respectively. The particles are approximated 
as large solvent molecules of radius pR  [24], to which 
grafted polymer chains are tethered. Only the 
interaction between A and B segments needs to be 
considered when the grafted polymer chains are long 
enough to completely shield the particle [25]. However, 
considering the fact that the grafted polymers are 
often short in realistic situations, all the interactions 
D( )IJN χ  between particles (P), and A and B segments 
are taken into account in this study. In the SCFT 
method, the pair interactions between different 
components are determined by a set of effective 
chemical potential fields, ( )IW r , denoting the intensity 
of the mean field felt by the species I at position r. The  
dimensionless free energy of the system is given by 
ϕϕ ϕ α σβ ϕ
φ χ φ φ
≠
⎛ ⎞⎛ ⎞= − − ⎜ ⎟⎜ ⎟ +⎝ ⎠ ⎝ ⎠













   
(1)
 
where V is the volume of the system, σ  is the number 
of grafted polymer chains per particle, α ρ= π 30 P D4 3R N  
is the volume ratio of a nanoparticle to a diblock chain, 
and φ ( )I r  is the local volume fraction of the species I. 
= ∫D Dd ( ,1)Q qr r  and σα= −∫GP P Gd exp[ ( )] ( ,1)Q W qr r r  
are the partition functions of a single diblock chain 
and a polymer-grafted nanoparticle, respectively. 
For a diblock chain, the contour variable s increases 
continuously from = 0s  at the free end of A-blocks 
to = 1s  at the free end of B-blocks. The spatial 
coordinate r is normalized by the diblock radius    
of gyration, =g D 6.R a N  The propagator D ( , )q sr  
represents the probability of finding the D -thsN  
segment at position r, which satisfies the modified  
diffusion equation 




( , ) ( ) ( , )I
q s
q s W q s
s
r
r r r        (2) 
subject to the initial condition =D ( ,0) 1q r . The field 
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( )IW r  switches from A ( )W r  for < <0 s f  to B ( )W r  for 
> .s f  The grafted polymer chain propagator G ( , )q sr   
satisfies [26] 




( , ) ( ) ( , )
q s
q s W q s
s
r
r r r      (3) 
with the initial condition =G ( ,0) 1q r  for the free end 
of the chain at = 0.s  The complementary propagators 
+
D ( , )q sr  and 
+
G ( , )q sr  respectively obey equations similar 
to Eqs. (2) and (3) except that their right-hand sides are 
multiplied by –1. The corresponding initial conditions 
are =+D ( ,1) 1q r  and σα −= −+ 1G P G( ,1) exp[ ( )] ( ,1) ,q W qr r r  
respectively. In terms of these propagators, the local  
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I J
W Nr r r          (7) 
where ξ  is a Lagrange multiplier. Equations (4)–(7), 
in conjunction with the incompressible condition 
φ =∑ ( ) 1I
I
r , form a closed set of equations that can be 
solved self-consistently in real space. To obtain the 
equilibrium structure, we solve these equations by 
using the combinatorial screening technique of Drolet 
and Fredrickson [16] implemented with a highly 
stable and accurate numerical algorithm [27, 28]. All 
the simulations are performed in a two-dimensional 
128 × 128 square lattice with periodic boundary  
conditions and the grid size Δ = 0.1x . 
3. Results and discussion 
To verify the efficacy of the calculation method and 
compare with the experiments of PS-grafted Au 
particles in a PS-b-P2VP copolymer [6, 8, 20], we regard 
PS and P2VP chains as A- and B-blocks, respectively. 
To mimic the fact that Au particles are selective to 
B-blocks [8], we take the interaction values of Au 
particles with A- and B-blocks as =D AP 16N χ  and 
=D BP 2N χ , respectively. The other parameter values  
are used: =D AB 16N χ  and = 0.1α .  
We first examine the transition of self-assembled 
nanostructures with respect to the increase in the 
A-grafted particle filling fraction, GP ,ϕ  which has 
proven to be a key factor in producing different 
structures in a block copolymer film [6]. In a symmetric 
diblock copolymer ( = 0.5f ), the blend self-assembles 
into a lamellar morphology at a low particle content 
(e.g., =GP 0.15ϕ ), as shown in Fig. 1(a), where the 
nanoparticles form a thin lamella located in the center 
of A-domains. As GPϕ  increases, B segments (red) 
and particles (yellow) respectively form hexagonally 
packed cylinders and dumbbells, both of which are 
embedded into the A-block matrix (blue), as shown 
in Fig. 1(b). This morphology transition can be 
understood as follows. On the one hand, additional 
nanoparticles swell and, in turn, distort the A lamellar 
domains to gain more translational entropy, and, on 
the other hand, the reduced B segments aggregate 
into cylinders, rendering a smaller contact area with 
the A phase and thus a reduction of enthalpic energy. 
This result is consistent with recent experimental 
observations [6, 20]. In the case of an asymmetric 
diblock copolymer (e.g., = 0.3),f  a regular hexagonal 
pattern forms in the blend with a low particle filling 
fraction (e.g., =GP 0.05),ϕ  where the particles are 
located in the circular A-domains, as shown in Fig. 1(c). 
A transition from hexagonal to lamellar morphology 
occurs when a critical particle concentration is reached 
(Fig. 1(d)), because the addition of grafted polymer 
chains acts to increase the effective volume fraction 
of A segments in the system. This concurs with the 
experimental and numerical results reported by Side 
et al. [20]. Our simulations demonstrate that for various 
diblock compositions, one can obtain different ordered 
nanostructures by adjusting the polymer-grafted  
particle concentration. 
As is well known, the spatial distribution of nano- 
particles may have an important or even dominant 
influence on some properties and functions of  




Figure 1 Aggregate morphologies of diblock copolymer and 
polymer-grafted nanoparticle blends for 6=σ  and 0.05=β . For 
the symmetric diblock copolymer, we take (a) GP 0.15=ϕ  and 
(b) GP 0.4=ϕ . For the asymmetric diblock copolymer ( 0.3)f = , 
we assume (c) GP 0.05=ϕ  and (d) GP 0.3=ϕ . The blue, red, and 
yellow colors represent A-blocks, B-blocks, and particles, respectively 
nanocomposites. In what follows, our attention will 
be focused on the precise control of particle positions 
in, for instance, a symmetric diblock-copolymer 
lamellar system. As pointed out by Akcora et al. [29], 
the grafting chain density and the grafted chain 
length are two key and easily controlled factors in 
determining the self-assembled structures, which 
will be quantitatively examined in the sequel. In our 
calculations, the concentration of A-grafted particles is 
fixed at =GP 0.15ϕ  to match with the experiments of 
Kim et al. [8]. For three representative grafting chain 
densities (σ ), Fig. 2 illustrates the corresponding 
spatial distributions of the grafted nanoparticles. At a 
low chain density (e.g., = 5σ ), particles preferentially 
segregate to the A/B interfaces, as shown in Fig. 2(a). 
As σ  increases (e.g., = 9σ ), the preferable interaction 
between particles and B segments is partly shielded 
by the grafted A-chains. Therefore, some particles 
locate along the A/B interfaces while the others are 
embedded near the center of A-domains (Fig. 2(b)). 
For a very large value of σ , the particles are fully 
shielded by the grafted A-chains, resulting in the 
concentration of all particles in A-domains, as 
illustrated in Fig. 2(c), where = 13σ . For greater 
clarity, the precise particle positions are illustrated 
schematically in the insets of the figures. This transition 
of particle positions with the increase of the grafting 
chain density is in agreement with relevant 
experimental observations [8]. When the grafting 
density is low, the B segments can interpenetrate into 
the grafted A-brushes and interact with the particles 
directly. For a higher grafting chain density, B segments 
cannot easily penetrate into the grafted A-brushes, 
resulting in a loss in conformational entropy of the 
B-blocks. Simultaneously, the particles segregate to 
the center of A-domains, as a requirement of the 
minimization of the contact area between grafted 
A-brushes and B-blocks and a reduction in enthalpy. 
In this case, therefore, enthalpy plays a more 
predominant role than entropy in determining the  
spatial distribution of the nanoparticles. 
 
Figure 2 Influence of the number σ  of grafted chains per particle on the particle distribution for 0.025=β : (a) 5=σ , (b) 9=σ , and
(c) 13=σ . A larger value of σ  indicates a higher grafting chain density. The insets in the figures show particle positions. The blue, red,
and yellow colors represent A-blocks, B-blocks, and particles, respectively
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Furthermore, as the grafted chain length increases, 
a transition in the spatial distribution of nanoparticles 
(figures not shown), which is quite similar to that 
induced by increasing the grafting chain density, is 
observed in our simulations. It is easy to understand 
that both the chain length and density of grafted 
polymers play a shielding role with respect to the 
particle–B segment interaction. Long grafted polymer 
chains can fully shield the particles and drive them to 
the center of A-domains due to the repulsion between 
the grafted A-chains and B-blocks. To more clearly 
show the dependence of particle locations on the 
grafted chain length and grafting chain density, a phase 
diagram for the self-assembled lamellar structures is 
given in Fig. 3 on the basis of a large number of 
simulations. The diagram is divided into three regions, 
I, (I + C), and C, where I corresponds to the case where 
all particles segregate along copolymer interfaces and 
C to the case where all particles are embedded in the 
center of A-domains. The particle position transitions 
in the order of I→(I + C)→C can be achieved by 
increasing either the grafting chain density or the 
grafted chain length. Such a phase diagram allows us 
to predict the particle position in a block copolymer 
template under specified conditions, which is of 
importance for engineering nanocomposites with  
enhanced properties. 
 
Figure 3 A phase diagram illustrating the dependence of particle 
location on the number σ  and normalized length β  of grafted 
chains. The notations I and C stand for particles locating along the 
copolymer interfaces and the center of A-domains, respectively. The 
inset shows the nanostructural transition with increasing σ  or β  
To quantitatively explore the physical mechanisms 
underlying the formation of the above-described 
nanostructures, we calculate the entropic and enthalpic 
contributions to the total free energy, as shown in 
Fig. 4. In Eq. (1), the first three terms on the right-hand 
side represent the contribution of entropy to the free 
energy of system while the last term gives the enthalpic 
energy. It can be seen from Fig. 4 that the entropic 
contribution to free energy, SF , increases with the 
increase in the grafting chain density (σ ) or the grafted 
chain length ( β ). This is because B-blocks cannot 
penetrate into the denser grafted A-brushes for large  
 
Figure 4 Contribution of entropy S( )F  and enthalpy E( )F  to 
the total free energy F as functions of (a) the number σ  and (b) 
the normalized length β  of grafted polymer chains. The dashed 
lines represent the transition boundaries. We take 0.025=β  in 
(a) and 6=σ  in (b) 
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values of σ  or .β  The dense grafted brushes confine 
the degrees of freedom of B-blocks and cause a loss 
in the conformational entropy of the copolymer. 
Otherwise, the grafted nanoparticles will migrate 
into the energetically favorable A-domains and lead 
to a decrease in the enthalpic free energy EF  as a result 
of the repulsion between the dense grafted brushes and 
B-segments. Therefore, the final particle distribution 
within self-assembled nanostructures relies on the 
competition between entropic and enthalpic energies. 
A delicate balance of entropy and enthalpy can be 
utilized to elaborately tailor the particle distribution 
in the nanostructures, which holds great promise in  
the area of fabricating novel functional nanomaterials. 
4. Conclusions 
In summary, how to control the self-assembled nano- 
structures of block copolymer–nanoparticle blends 
has been explored with the aim of engineering 
nanocomposites that exhibit advantageous optical, 
electrical, or mechanical properties. This study 
suggests that the structural morphology of polymer– 
nanoparticle composites is tunable by functionalizing 
or grafting the added nanoparticles. The particles can 
further be positioned either in a specific polymer 
phase or along the interfaces between two different 
phases by proper selection of the concentration, length, 
and density of the grafted polymer chains. The 
observed nanostructural transitions are attributed to 
the competition between entropy and enthalpy. Finally, 
it is emphasized that more delicate nanostructures 
can be achieved by further utilization of some other 
factors (e.g., size and shape of particles [5, 30]), which 
can also be studied by the SCFT method used in this 
work. Future work will include exploiting the effect of 
grafted nanoparticles in the formation of hierarchical 
structures, which opens a fascinating way to design 
and synthesize bioinspired composites with superior  
physical properties and multiple functions. 
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